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Observation of Excited-State Tautomerization in the Antiviral Agent
Hypericin and Identification of Its Fluorescent Species
Abstract
The absorption spectra, fluorescence spectra, and fluorescence lifetimes of hypericin, an analog lacking
hydroxyl groups, mesonaphthobianthrone, and hexamethylhypericin are obtained in aprotic and protic
solvents. In aprotic solvents, mesonaphtobianthrone is nonfluorescent. In strong acids such as sulfuric or
triflic acids, it becomes fluorescent. Furthermore, its spectrum is very similar to that of hypericin. Similarly,
only in sulfuric acid does hexamethylhypericin afford absorption and emission spectra resembling those of
hypericin. We therefore conclude that the fluorescent species of hypericin has one or both of its carbonyl
groups protonated. The protonation equilibrium in both the ground and the excited state is discussed. The
first detailed measurements of the primary processes in the antiviral agent, hypericin, are performed with
picosecond resolution and a white-light continuum. Transient absorption measurements of hypericin with -
1-ps resolution indicate that upon optical excitation a new species is created that absorbs in the range of
roughly 580-640 nm. This species exhibits a 6-1 2-ps decay, depending on the solvent. It is also observed that
the stimulated emission signal, which arises from the fluorescent state, grows in with a time constant of 6-12
ps. Based upon the identification of the fluorescent species as hypericin with one or both carbonyl groups
protonated, the rise time for the appearance of the stimulated emission signal is attributed to excited-state
tautomerization.
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The absorption spectra, fluorescence spectra, and fluorescence lifetimes of hypericin, an  analog lacking hydroxyl 
groups, mesonaphthobianthrone, and hexamethylhypericin are obtained in aprotic and protic solvents. In aprotic 
solvents, mesonaphtobianthrone is nonfluorescent. In strong acids such as sulfuric or triflic acids, it becomes 
fluorescent. Furthermore, its spectrum is very similar to that of hypericin. Similarly, only in sulfuric acid does 
hexamethylhypericin afford absorption and emission spectra resembling those of hypericin. We  therefore 
conclude that the fluorescent species of hypericin has one or both of its carbonyl groups protonated. The 
protonation equilibrium in both the ground and the excited state is discussed. The first detailed measurements 
of the primary processes in the antiviral agent, hypericin, are performed with picosecond resolution and a 
white-light continuum. Transient absorption measurements of hypericin with - 1-ps resolution indicate that 
upon optical excitation a new species is created that absorbs in the range of roughly 580-640 nm. This species 
exhibits a 6-1 2-ps decay, depending on the solvent. I t  is also observed that the stimulated emission signal, which 
arises from the fluorescent state, grows in with a time constant of 6-12 ps. Based upon the identification of 
the fluorescent species as hypericin with one or both carbonyl groups protonated, the rise time for the appearance 
of the stimulated emission signal is attributed to excited-state tautomerization. 
Introduction 
The naturally occurring polycyclic quinone, hypericin (Figure 
l),  possesses important and diverse types of biological activity.' 
It has been shown that hypericin deactivates the human immu- 
nodeficiency virus (HIV).Z4 Antiviral activity was demonstrated 
in a lentivirus closely related to HIV, equine infectious anemia 
virus (EIAV), to require light by Carpenter and Kraus.5 In 
addition, hypericin is closely related, both structurally and 
spectrally, to the photoreceptor (Figure 1) of the protozoan ciliates, 
Stentor coerulus6 and Blepharisma japonicum.'v8 Although the 
singlet oxygen produced from hypericin9J0 is toxic to S. coerulus 
under high light flux (-5000 W/m2)," it is an open question 
whether the limited exposure to room light in the experiments of 
Carpenter and Kraus5 was toxic to EIAV because of photosen- 
sitized generation of singlet oxygen by hypericin or because of 
the presence of additional nonradiative decay processes of the 
excited states of hypericin. It is of fundamental importance to 
understand the role of light in the activity of hypericin and 
hypericin-like molecules. 
We provide the first detailed investigation that uses both - 1- 
ps time resolution and a white-light continuum to examine and 
to unravel the excited-state primary photoprocess of hypericin. 
In preliminary work, we have observed that hypericin possesses 
an excited-state absorbance that has a rapid decay component 
of several picoseconds.l* The new excited-state absorbance 
(- 580-650 nm, in methanol) is of particular interest due to the 
earlier observations and suggestions of Song and co-workersl1J3J4 
that the excited states of hypericin-like chromophores produce 
protons upon photoexcitation. We had thus tentatively suggested 
that a contribution of the excited-state absorption observed in 
hypericin was due to a species that undergoes excited-state 
tautomerization,l2 and we proposed that deprotonation of the 
tautomer results in the reported pH decrease. 
Because of the attention devoted to the light-dependent 
properties of hypericin and hypericin-like chromophores by a 
broad spectrum of investigators, namely those studying antiviral 
activity,*-5 synthetic pathways,39-43 and the directional responses 
* To whom correspondence should be addressed. 
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Figure 1. Structures of (a) hypericin, (b) the hypericin deshydroxy analog, 
mesonaphthobianthrone, (c) hexamethylhypericin, and (d) and (e) the 
two possible structures6 for the stentorin chromophore. 
of microorganisms,68 it is imperative that a detailed picture of 
the primary photoprocesses of hypericin be established. Such 
is the aim of this article, whose plan is as follows: 
1. Model compounds are investigated that demonstrate that 
a protonated carbonyl group is required in order to obtain 
hypericin-like absorption and emission spectra. 
2. Time-resolved absorption (stimulated emission) spectra and 
kinetics are presented that indicate that the hypericin emission 
spectrum grows in on a 6-12-ps time scale. Based on the model 
compounds, the rise time for the appearance of the hypericin 
emission is taken as evidence for an excited-state proton transfer. 
3. Our results and conclusions are discussed in the context of 
previous work on hypericin and what is currently known about 
excited-state proton-transfer reactions. We consider possible 
objections to our assignment of the excited-state reaction to proton 
transfer. 
Finally, we note that observation of proton transfer on this 
time scale is o f fundamental importance because its measurement 
is accessible by "standard" ultrafast spectroscopic techniques. 
Consequently, theories of proton transfer can be tested using 
hypericin. 
0 1994 American Chemical Society 
Excited-State Tautomerization in Hypericin 
Materials and Methods 
Hypericin was obtained from Carl Roth GmbH & Co. and 
used without further purification. Synthetic hypericin was also 
generously provided by Professor G. A. Kraus. Solvents were 
obtained from Aldrich. The hypericin analog, mesonaphthobi- 
anthrone (Figure l ) ,  was prepared as described by Koch et al.15 
In order to prepare hexamethylhypericin, hypericin (1 mg) 
was dissolved in 1 mL of N,N-dimethylformamide (DMF). Two 
equivalents of N a H  was added, and the solution was stirred. 
Evolution of a gas and a characteristic green color indicated 
removal of hydroxyl protons from hypericin. Excess CH31 was 
then added. This procedure was repeated three times. No change 
in color occurred upon addition of N a H  the fourth time, indicating 
complete removal of labile protons. The resulting solution was 
orange, and its UV/vis absorption spectrum agreed with that 
described in the l i t e r a t ~ r e . ~ ~  
Deuteration of hypericin was effected by two methods. The 
first was to equilibrate hypericin in a deuterated solvent such as 
CH30D overnight or longer. The second involved dissolving 0.5 
mg of hypericin in 0.5 mL of CH30D and adding 2 equiv of 
NaOCH3 while stirring. A characteristic green color indicated 
removal of hydroxyl protons. The solution was diluted up to 1 
mL with CH30D and consequently changed back to its normal 
red color indicating deuteration of the hypericin. The solution 
was then allowed to equilibrate for 2 days. 
Fluorescence spectra were measured with a Spex Fluoromax 
at  room temperature. In certain cases, the spectra were analyzed 
by fitting to sums of log-normal curves (see Figure 5 and Table 
2). The time-resolved absorption and time-correlated single- 
photon counting experiments are performed with the apparatus 
described elsewhere.1618 Transient absorption spectra were 
obtained with a liquid nitrogen cooled charge-coupled device 
(CCD) (Princeton Instruments LN/CCD- 1 152UV) mounted on 
an HR320 (Instruments SA, Inc.) monochromator with a grating 
(1 200 grooves/") blazed at  5000 A. The following protocol 
was employed. The CCD pixels were binned such as to allow 
simultaneous collection of both the probe and the reference beams, 
I and I,, respectively, of the transient absorption spectrometer. 
The signal was integrated for 30 s. Absorption spectra were 
constructed from log(I/Io). These spectra were corrected by 
subtraction of background spectra obtained with a probe delay 
of -20 ps. Five such corrected spectra were then averaged 
together. Two successive aquisitions at  -20 and -10 ps yield a 
flat base line centered on zero when subtracted from each other. 
Figure 8d compares the absorption spectrum taken at  "time zero" 
of the dye nile blue in ethanol with its steady-state spectrum 
obtained with a Shimadzu UV-2101PC double-beam spectrom- 
eter. The agreement is excellent, especially when it is borne in 
mind that our laser system operates a t  30 Hz and that we generate 
continuum with - 1-ps pulses. For the absorption and stimulated 
emission experiments, identical kinetics were observed whether 
the pump beam was rotated parallel or perpendicular or at the 
magic angle (54.7O) to the probe beam. Unless otherwise 
indicated, experiments were performed at  room temperature, 22 
"C. Sample concentrations for hypericin were -4 X 10" M for 
fluorescence measurements and - 5  X 10-5 M for transient 
absorption measurements. 
Results 
I. Steady-State Absorption and Fluorescence Measurements. 
A .  Hypericin in Protic and AproticSoluents. Figure 2a presents 
the absorption and fluorescence spectra of hypericin in DMSO. 
Table 1 presents absorption and emission maxima for various 
protic and aprotic solvents. The absorption and emission spectra 
display mirror symmetry. Figure 2b presents the fluorescence 
and absorption spectra of hypericin in H2S04. The shapes of 
both fluorescence and absorption spectra are identical to those 
obtained in methanol and DMSO although red-shifted by 60 and 
50 nm, respectively. 
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Figure 2. Normalized fluorescence spectra (- - -) and absorption spectra 
(-) of hypericin in (a) DMSO, (b) H2S04, and (c) a solution of 40 mM 
8-cyclodextrin at pH 4.0. 
As will be discussed in more detail below, hypericin in water 
a t  pH values between 3 and 11 is barely, if a t  all, soluble and is 
nonfluorescent. Figure 2c and Table 1 indicate, however, that 
hypericin in a 40 mM solution of 8-cyclodextrin a t  p H  4.0 gives 
rise to fluorescence and absorption spectra very similar to those 
obtained in less polar solvents in which hypericin is soluble. 
P-Cyclodextrin is composed of seven D-(+)-glucopyranose units 
joined by CY-( 1,4)-linkages. The result is a cyclic molecule with 
an inner diameter of -7.0 A and a depth of -1.0 A.I9 While 
such a cavity is too small to accommodate the entire hypericin 
molecule, which can be crudely approximated as a rectangle of 
dimensions 12.8 X 9.2 A,* it is spacious enough to hold a t  least 
the corner of the molecule bearing the carbonyl group and the 
P-hydroxyl group adjacent to it. There are examples of @-cy- 
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TABLE 1: Summary of Hypericin Photophysics 
0.8 
0.6 
0.4 
~~ 
DMSO 6.5 598 598 
CHlCN 5.5 594 594 
MeOH 5.5 588 588 
MeOH/IO mM HCP 3.5 580 580 
&So4 5.5 658 661 
H20, pH 13' 4.5 650 693 
40 mM P-cyclodextrine - 593 593 
Song andco-~orkersl~reported the fluorescencespectrumof hypericin 
in a mixture of ethanol and HCI (10 mM). While retaining mirror 
symmetry, the resultant fluorescence and absorption spectra are blue- 
shifted 8 and 18 nm from those obtained in methanol and DMSO, 
respectively. The spectrum in the alcohol/HCl mixture is qualitatively 
similar to those obtained in protic and aprotic solvents. In water at pH 
< 3, hypericin is soluble but nonfluorescent. Above pH 11, hypericin is 
both soluble and fluorescent. e The fluorescence intensity was too weak 
to permit an accurate determination of the excited-state lifetime. The 
solution was at pH 4.0. 
- 
- 
- 
clodextrin forming complexes with both porphyrins31 and pyrene.j2 
It is likely that hypericin forms an inclusion complex with 
0-cyclodextrin under conditions (water a t  pH 4.0) where it is 
otherwise insoluble and that this complex facilities proton transfer 
between the hydroxyl and the carbonyl groups, which is responsible 
for the distinctive visible absorption and fluorescence spectra. 
This result is significant because it implies that the photoreceptor 
complex in the protozoan ciliate S. coerulus, for which no X-ray 
structure exists, most likely efficiently shields the stentorin 
chromophore from an aqueous environment. 
E .  Mesonaphthobianthrone and Hexamethylhypericin in 
Protic and Aprotic Solvents. In contrast to hypericin, its 
deshydroxy analog, mesonaphthobianthrone (Figure l ) ,  is non- 
fluorescent in the aprotic solvents DMSO (Figure 3a) and CH3- 
CN. When, however, it is dissolved in a protic solvent such as 
methanol (in which it is only sparingly soluble), a fluorescence 
band appears with a maximum at  467 nm (Figure 3b). Finally, 
dissolving it in a strong acid such as sulfuricor triflic acid generates 
a fluorescence spectrum that has nearly the same shape as that 
of hypericin in DMSO and that is blue-shifted from the hypericin 
spectrum by about 14 nm. Its emission maximum is 584 nm. 
These results demonstrate the importance of a protonated carbonyl 
group for producing a fluorescent hypericin-like molecule. The 
visible absorption spectrum of mesonaphthobianthrone in H2- 
SO4 is curious in that it resembles a blue-shifted duplicate of its 
fluorescence spectrum and not its mirror image (Figure 3c), as 
is the case for hypericin in DMSO (Figure 2a). 
In DMF hexamethylhypericin both absorbs and emits in the 
visible (Figure 4b). Its absorption spectrum is distinctly blue- 
shifted and broader with respect to that of hypericin in D M F  
(Figure 4a). Its emission spectrum is broad and structureless. 
In H2S04, however, the absorption spectrum shifts to the red and 
acquires structure similar to that of hypericin. Similarly, the 
fluorescence spectrum sharpens, and a distinct shoulder appears 
to the red of the maximum (Figure 4c). The change in going 
from D M F  to H2SO4 as a solvent for hexamethylhypericin is 
visually quite striking. In D M F  the solution is a faint orange 
color. In H2SO4, it takes on the pink color characteristic of all 
hypericin solutions. 
Regardless of the solvent (DMF, H2S04, or methanol) the 
fluorescence quantum yield of hexamethylhypericin is always at  
least 100 times less than that of hypericin in the corresponding 
solvent. We suggest that this result indicates the importance of 
intersystem crossing as a nonradiative process in untautomerized 
hypericin. 
C.  Mesonaphthobianthrone: Probing Solute Heterogeneity 
Using Mixed Solvents. In order to assess the extent of inho- 
mogeneity in the ground and the excited states, we measured the 
fluorescence spectrum of mesonaphthobianthrone in varying Hz- 
S04/MeOH mixtures (Figure 5 ) .  At low H$04 concentrations 
(<45%), the emission spectra are featureless and broad. At high 
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Figure 3. Normalized fluorescence spectra (- - -) and absorption spectra 
(-) of the hypericin analog lacking hydroxyl groups, mesonaphthobi- 
anthrone.I5 The solvents used are DMSO (top), methanol (middle), and 
sulfuric acid (bottom). 
H2S04concentrations (>80%), the emissionspectra are essentially 
identical to that in pure HzS04 and are characterized by narrower, 
sharper bands. The width and intensity of these bands, as 
estimated from a fit to a sum of log-normal functions, are 
summarized in Table 2. The ground-state heterogeneity is also 
illustrated by thevariation of the fluorescencespectra with respect 
to excitation wavelength. 
D. Hypericin: Probing Solute Heteogeneity Using Mixed 
Solvents and pH.  As indicated in Figure 2b, hypericin in 
concentrated sulfuric acid is fluorescent. This fluorescence, 
however, is quenchedupon adding water to the solution. A solution 
that is 33% water exhibits no fluorescence (Figure 6b). Figure 
Excited-State Tautomerization in Hypericin 
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Figure 4. Normalized fluorescence spectra (- - -) and fluorescence 
excitation spectra (-) of hexamethylhypericin: (a) hypericin in DMF 
for purposes of comparison; (b) hexamethylhypericin in DMF; (c) 
hexamethylhypericin in H2SO4. 
6c presents the absorbance spectra of hypericin at  pH values 
below 3, and Figure 6d, a t  pH values above 11. Although small 
changes in the absorption spectra are apparent a t  low pH, the 
changes are dramatic a t  high pH. 
There are two possible factors for the reduction of hypericin 
fluorescence upon the addition of water, both of which may 
contribute. As noted in Table 1, hypericin is insoluble in water 
in the pH range from about 3 to 11. At low pH (<3), hypericin 
is soluble but nonfluorescent. It is possible that a t  pH < 3 hypericin 
forms nonfluorescent, soluble aggregates. The decrease in 
fluorescence intensity of H~S04/H20 mixtures as the amount of 
H20 increases (Figure 6b) may be attributed to a corresponding 
increase of such a nonfluorescent aggregate. Alternatively, the 
second explanation is that water forms very tight complexes with 
hypericin that prevent protonation of the carbonyl groups either 
from the internal hydroxyl groups or from external proton sources 
in solution. There is precedent for such a role for water: the 
presence of water has been argued to stop excited-state proton 
transfer in 7 - a ~ a i n d o l e . ~ 6 - ~ ~  Hydrogen-bonding impurities are 
known to retard excited-state proton transfer in 3-hydroxyfla- 
vone.21-33 
While both of these arguments are plausible, it remains to be 
explained why hypericin exhibits weak fluorescence in basic 
solution (pH > 11, Figure 6d). Perhaps a t  high pH hypericin 
is less likely to form aggregates. Also, a t  high pH deprotonation 
of the B hydroxyl group produces an anion whose charge can be 
delocalized. Such an anion would of course also be produced 
upon intramolecular proton transfer to the carbonyl. 
Further investigation of both ground- and excited-state 
heterogeneity and the possibility of solute aggregation is afforded 
by both time-resolved fluorescence and absorption measurements, 
which are described below. 
meronaphthobianthmne hex = 256 nm 
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Figure 5. Fluorescence spectra of the hypericin analog, mesonaphtha- 
bianthrone, in mixtures (v/v) of H2S04 and methanol. The percentage 
of H2S04 in the mixture is indicated in the figure. Spectra are collected 
at 22 O C .  The excitation wavelengths used are (a) 256, (b) 51 1, and (c) 
580 nm. 
11. Fluorescence Lifetimes and Anisotropy Decays. Table 1 
summarizes the fluorescence lifetimes of hypericin obtained in 
a variety of protic and aprotic solvents. The fluorescence lifetime 
is always single exponential and usually between 5 and 6 ns in 
duration. It is relatively insensitive to temperature. Arrhenius 
plots obtained from the fluorescence lifetime of hypericin in 
DMSO yield an activation energy of 0.55 kcal/mol. Mesonaph- 
thobianthrone, in either sulfuric or triflic acid, yields a single- 
exponential lifetime of 15 ns (Lx = 288 nm) when collecting 
emission from either both bands simultaneously or each band 
separately. 
Lifetime measurements (Lx = 288 nm, A, 1 550 nm) were 
also performed on the mesonaphthobianthrone in mixtures of 
H2SO4 and MeOH. In the solvent mixtures, two lifetime 
5788 
TABLE 2 Summary of Analog Photophysics in H*S04/ 
Methanol (v/v) Mixtures 
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% H2S04 
45 
48 
52 
54 
56 
58 
60 
80 
100 
TI T2 
(ns) (ns)ovb 
1.8 (0.20) 15.5 
2.0 (0.21) 8.2 
2.0 (0.22) 8.2 
1.2 (0.62) 8.8 
1.5 (0.82) 12.0 
1.1 (0.82) 11.2 
0.9 (0.87) 12.5 
1.3 (0.93) 15.1 
(1.00) 15.0 
ems Amax 
(nm) 
582,3 13 
582,625 
583,630 
58 1,630 
58 1,626 
582,629 
583,632 
586,636 
586,635 
I l / 1 2 C  -
2.98 
1.93 
2.12 
2.08 
1.92 
1.98 
2.04 
2.05 
2.10 
I1 fwhm 
(nm) 
65.7 
37.7 
42.0 
51.7 
43.3 
43.7 
48.7 
45.4 
44.4 
1 2  
fwhm (nml 
84.8 
55.5 
54.2 
61.8 
56.2 
55.4 
56.9 
53.5 
49.2 
(1 Owing to the low solubility of mesonaphthobianthrone in these 
solutions, the fluorescence signal was in all cases very small. Hence, only 
3000-4000 counts could be collected in the maximum channel of any 
decay curve. This in combination with the use of a full-scale time base 
of 20 ns, which limits the dynamic range of the experiments, contributes 
to the uncertainty in the measured lifetime values. For purposes of 
discussion, we consider the short- and long-lived components to remain 
constant over the range of mixtures studied. Mixtures that are less than 
45% H2SO4 afford very little or no observable fluorescence red of -580 
nm. b = 288 nm; 2 550 nm; 20 OC. Under these detection 
conditions, the band at 467 nm, characteristicof pure methanol solutions, 
is not observed. The species giving rise to this band has a fluorescence 
lifetime of -600 ps. The fluorescence lifetimes are thus fit to only a sum 
of two exponentially decaying components: F(r) = A I  exp(-t/rl) + A2 
exp(-r/r2), whereAl t A2= 1. Thevalueinparenthesesistheamplitude 
of the longer-lived lifetime component. e I I  and I2 refer to the intensities 
of the bands at -580 and -630 nm, respectively. The position of these 
bands is difficult to determine owing to the large width at lower 
concentrations of H2S04. 
components were obtained whose weights varied as a function of 
acid concentration (Table 2), with the long component (15 ns) 
dominating at high HzSO4 concentrations. 
Similar experiments (data not shown) were carried out with 
mesonaphthobianthrone in HzSOJCH3CN solutions. The solu- 
tions, however, became extremely exothermic at  high concentra- 
tions of H2SO4, and thus solutions with H2SO4 higher than 30% 
were not investigated. The results were identical to those of the 
HZSO4/MeOH experiments with the exception of the lack of a 
fluorescence band in the blue region of the spectrum (-470 nm; 
see Figure 2). 
It has been suggested that in water hypericin forms nonfluo- 
rescent, high molecular weight (>8000) aggregates.zz Since the 
molecular weight of hypericin is 538, this corresponds to a complex 
of > 15 molecules. (Song, Yamazaki, and c o - ~ o r k e r s ~ ~  have
suggested that a t  moderately high pH hypericin forms dimers 
that are essentially nonfluorescent.) In order to determine that 
hypericin in the nonaqueous solutions in which it is fluorescent 
is not aggregated, we measured its fluorescence anisotropy decay 
in MeOH and DMSO. Because in all cases, using visible or 
ultraviolet excitation, within experimental error and using the 
appropriate time resolution, a limiting anisotropy equal to the 
theoretical limit ( r (0)  = 0.40) was observed and because the 
depolarization was complete within 15 ns (Figure 7), weconclude 
that high molecular weight aggregates are negligible in our 
experiments and that we areinvestigating primarily the monomer. 
The anisotropy decay of hypericin is described well by a sum of 
two exponentially decaying components. The more rapid of these 
is approximately 80 ps in methanol (Figure 7a). In order to 
resolve this component and the limiting anisotropy accurately 
and in order to estimate the duration of the longest depolarizing 
event, the measurements were performed on two different time 
scales. The data in Figure 7b indicate that the slower event is 
characterized by a 7.1-11s time constant. Hypericin thus may be 
considered as an example of an approximately symmetric rotor 
in which two types of depolarizing motion may be observed. The 
80-ps component most likely reflects a spinning motion about an 
axis perpendicular to the plane of the molecule while the 7.1 -ns 
component can be attributed to overall tumbling of the molecule. 
A simple calculation indicates that the longer of the two 
components we observe is consistent with such a motion. The 
rotational diffusion time,23 r r ,  is given by 1 / 6 0  = Vv/kT,  where 
V is the molecular volume, 7 is the solvent viscosity, k is 
Boltzmann's constant, and Tis the absolute temperature. Taking 
hypericin to be a sphere of radius 6.4 A, a rotational diffusion 
time of 1.5 ns is obtained for MeOH at  298 K. This time is 
certainly a lower limit since the effective molecular volume of 
hypericin would be expected to be larger owing to hydrogen 
bonding of the hypericin hydroxyl groups (in the bay region, 
most likely) to the solvent. 
Finally, given the inhomogeneity of the hypericin sample, the 
observation that in all cases where theappropriate time resolution 
is employed (Figure 7a) the limiting anisotropy of 0.40 is obtained 
indicates that the distribution of absorbing and emitting transition 
dipole moments are all parallel, within experimental error. 
111. Time-Resolved Absorption Measurements. A .  Excited- 
State Absorption and Stimulated Emission. Figure 8a-c presents 
time-resolved spectra of hypericin upon optical excitation. At 
least three distinct events are apparent in Figure 8a: ground- 
state bleaching, excited-state absorption arising from a newly 
generated species, and stimulated emission. As we have dem- 
onstrated elsewhere,12 the species producing the new absorption 
decays in 6-12 ps, depending on the solvent. The spectrum of 
the stimulated emission requires an identical time in order to be 
fully evolved. In CH&N, this time is about 10 ps (Figure 8b). 
At longer wavelengths (Figure 8c) a broad photoinduced 
absorption is apparent in both hypericin and mesonaphthobian- 
throne in all thesolvents investigated. As wesuggestedelsewhereI2 
and as we conclude below (see Figure 1 l) ,  this broad absorption 
arises from a solvated electron. The extent towhich the spectrum 
shifts and overlaps that of the stimulated emission can render the 
determination of whether the electron is produced monophoto- 
nically or biphotonically difficult.lZ 
Figure 8d presents a spectrum of nile blue taken with our 
transient absorption spectrometer superimposed upon a nile blue 
spectrum obtained with a conventional steady-state double-beam 
spectrometer. The agreement between the two is excellent and 
provides a high level of confidence in the results obtained from 
the time-resolved absorption apparatus. 
Tuning the probe wavelength to the absorption feature 
appearing in the region from 620 to 635 nm for hypericin in 
MeOH (a similar feature is present from 630 to 645 nm in DMSO) 
permits the observation of a rapid decay component of about 6 
ps.12 Because this excited-state species absorbs in a region where 
there is ground-state absorbance, bleaching measurements of 
the ground state of hypericin yield a finite rise time. Thus, 
measurement of the time required to bleach fully the ground 
state provides an alternative and, because of the larger signal, 
more accurate method of determining the lifetime of the short- 
lived excited state produced upon light absorption. Figure 9 
presents such ground-state bleaching measurements for hypericin 
in MeOH, MeOD, and DMSO. Within experimental error, 
deuteration of the solvent does not affect the decay of the excited 
state. Also, no isotope effect is observed when deuterated 
hypericin is used. A similar result has been reported for 
3-hydro~yflavonez~ and for b e n z o t h i a z ~ l e . ~ ~  The absence of an 
isotope effect was usedz4 to rule out tunneling as the mechanism 
of proton transfer and to point out that vibrational degrees of 
freedom other than 0-H or 0-D are involved in the proton or 
deuteron transfer. 
The stimulated emission, to which we have referred above, 
arises from a fluorescent excited-state species. Figure 10 
demonstrates that the stimulated emission rises with time 
constants of 6.7 and 9.2 in MeOH and DMSO, respectively. 
(Figure l l f  indicates a similar result for CH3CN.) Within 
experimental error, the time constants for the rise time of 
stimulated emission are identical to those obtained, from ground- 
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Figure 6. Absorbance and fluorescence spectra of hypericin in mixtures (v/v) of H2S04 and water: (a) Changes in hypeiicin absorbance as a function 
of H2SO4 concentration. (b) Changes in hypericin fluorescence as a function of H2S04 concentration; Lx = 400 nm. The solution that is 33% H2S.04 
is completely nonfluorescent and superimposable on the base line. (c) Absorbance of hypericin at low pH. (d) Absorbance of hypericin at high pH. 
The titration in this figure most likely represents more than two species. Note that the dotted line whose maximum lies between the other two maxima 
is nor obtained at an intermediate p H .  In parts (c) and (d) the pH was adjusted with HzS04 and KOH. In (d) the arrow indicates the fluorescence 
spectrum at pH 13.8.  In each panel, the concentration of hypericin is held constant in order to ensure proper normalization of the data. 
state bleaching measurements, for the decay of the excited state 
produced at  time zero. Weconclude, therefore, that this excited- 
state species decays into the fluorescent species, which in turn 
gives rise to the stimulated emission. 
Comparison of the kinetics of the stimulated emission (Figures 
10 and 1 lf) indicates that in all cases there is a component that 
appears instantaneously and decays in less than 2 ps. We argue 
below that this component results from the ground-state het- 
erogeneity of hypericin: that is, from an equilibrium between the 
untautomerized (or normal) form and a partially tautomerized 
form. This component is not observed for hypericin or for the 
hypericin analog, mesonaphthobianthrone in concentrated H2- 
SO4, where in the ground state the two carbonyl sites are expected 
to be protonated. It is possible that the fast component observed 
in the stimulated emission signal arises fromvibrational relaxation 
of a "hot" tautomer or other excited state. We tentatively rule 
out this explanation because the duration of the component is 
independent of excitation wavelength. 
Hypericin in H2SO4 (Acx = 588 nm) exhibits only instantaneous 
bleaching (Figure 9d) a t  probe wavelengths of 600,630,660, and 
690 nm. The absence of afinite bleaching time for hypericin in 
HSO, is significant. In light of the discussion below and Figure 
12, this result can be interpreted in terms of complete protonation 
of the carbonyl groups in the ground state. For hypericin in 
HzSO4 (Aprob = 755 nm), an absorbance is detected that does not 
decay on a 120-ps time scale. We have also investigated the 
transient spectra of mesonaphthobianthrone in both DMSO and 
H2S04. In DMSO between 500 and 720 nm, no signal was 
detected. The inability to  resolve absorption transients is 
consistent with the lack of steady-state fluorescence and dem- 
onstrates the very short excited-state lifetime (<1 ps) of the 
unprotonated species. Between 770 and 830 nm, a positive 
absorption feature was observed. In all cases, the long-lived 
transient absorbing at  long-wavelengths is assigned to a solvated 
electron (Figure 11 and discussion below). 
B. Photoionization Is Biophotonic. Previously, we proposed 
that12 hypericin (in methanol) produced photoelectrons, but we 
were unable to determine whether photoionization was mono- 
photonic or biphotonic because of the overlapping spectral 
contributions of stimulated emission and absorbance from the 
solvated electron. Figure 11 presents a series of results that 
demonstrates that photoionization occurs in hypericin and that 
it occurs biphotonically. 
Excited-stateabsorption at  750 nm is demonstrated in hypericin 
in methanol upon photoexcitation. This absorption can be 
quenched by addition of acetone (1 .O M solution), an electron 
scavenger25 (Figure 1 la). The spectrum of this absorbing species 
in methanol is given in ref 12, and it is consistent with known 
spectral data for the solvated electron in methanol.26 Furthermore, 
as a control experiment we demonstrate the production and 
quenching of solvated electrons from indole, which is known to 
photoionizel*v27 (Figure 1 1 b). Whether photoionization occurs 
monophotonically is usually determined18~2~92~ by plotting the 
logarithm of the electron yield (or something proportional to it, 
such as its optical density) against the logarithm of the pump 
intensity. The slope of the resulting line gives the number of 
photons involved in the ionization process. Although at  low pump 
intensity the slope is 0.9 f 0.3 for hypericin in methanol, this 
result is not unambiguous evidence of monophotonic ionization 
because of the overlapping contribution of stimulated emission, 
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Figure 7. Fluorescence anisotropy decay of hypericin in methanol, & 
= 288 nm, L,,, 1 345 nm, 20 O C .  The measurements were performed 
with the apparatus employing a rotating analyzer polarizer described 
elsewhere" and using a full-scale time base of (a) 3 ns and (b) 15 ns. The 
results are as follows. (a) r(t)  = 0.23 exp(-t/79 ps) + 0.18, x2 = 1.4. 
The bump at -0.5 ns in the upper curve (parallel intensity) is due to the 
instrument function. (b) r ( t )  = 0.141 exp(-t/98 ps) + 0.003 exp(-t/ 
7100 ps), x 2  = 1.7. Similar results are obtained using visible (576 nm) 
excitation. Although the 154s time base is toocoarse toresolve accurately 
the fast decay component and, more importantly, the limiting anisotropy 
demonstrates clearly that the curves for the parallel and perpendicular 
intensities coalesce on this time scale. Asdiscussed in the text, theduration 
of the slower component of anisotropy decay obtained from the fit, 7.1 
ns, is reasonable for a sphere of the dimensions of hypericin undergoing 
rotational diffusion in methanol. 
which provides a n  apparent diminution of the  electron absorption 
(Figure 1 IC).  In DMSO, on the  other hand, the ground- and  
excited-state spectra of hypericin a r e  sufficiently different that  
the log-log plot yields a slope of 2.3 f 0.3 (Figure 1 Id). 
Finally, another convincing piece of evidence for the biphotonic 
ionization of hypericin is the measurement of the kinetics of 
transient absorption in a region where both stimulated emission 
and electron absorption may be present (Figure 1 le,f). A t  high 
pump intensities a n  initial strong transient absorbance is observed 
for hypericin in CH3CN. When the  pump intensity is decreased 
by a factor of 10, all that  is observed is the stimulated emission 
described above. 
Discussion 
A. Assignment of Excited-State Processes. Figure 12 presents 
ground- and excited-state kinetic schemes for mesonaphthobi- 
anthrone that  a r e  consistent with the data.  Time-resolved 
fluorescence measurements in H 2 S 0 4 / M e O H  mixtures indicate 
the presence of two lifetime components, -2 and  - 15  ns, whose 
amplitudes change with acid concentration. The  amplitude of 
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Figure 8. Time-resolved absorption spectra. (a) Excited-state spectrum 
of hypericin in DMSO at 'time zero". The horizontal line is the control 
experiment obtained by making the probe precede the pump pulse. At 
negative delay times no signal is expected, as is observed. This spectrum 
should be compared to that taken for hypericin in methanol'* in order 
to appreciate the spectral shift induced upon changing solvent. At least 
three events are observed. From shorter to longer wavelength they are 
bleaching of the ground-state absorption (A < 630 nm, compare with the 
steady-state absorption spectrum, Figure 2a), appearance of a new species 
giving rise to absorption (630 nm 5 X 5 645 nm), and negative absorption 
(stimulated emission, X > 645 nm), which appears in a region where 
there is no ground-state absorption and hence cannot be attributed to 
bleaching. (b) Growth of stimulated emission from hypericin in CH3CN 
as a function of time. Spectra are shown for a 'zero-time" delay (pump 
superimposed on probe pulse) and a 10-ps time delay. (c) Excited-state 
spectrum of hypericin and mesonaphthobianthrone in DMSO at long 
wavelength (770 nm 5 X 5 830 nm). As discussed in the text and in the 
caption to Figure 10, this broad absorbance in the red is attributed to a 
solvated electron that is produced biophotonically. (d) Test of the time- 
resolved absorption spectrometer by superimposing a spectrum of nile 
blue in ethanol on one obtained with a conventional double-beam steady- 
state spectrometer (- - -). 
the 15-11s component increases with acid concentration. Fur- 
thermore, no rise t ime for fluorescence is observed for the 
mesonaphthobianthrone. Similarly, contrary to the case of 
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Figure 9. Time delay for the bleaching of hypericin at 22 ‘C. (a) MeOH, 
= 588 nm and Aprok = 600 nm: AA(t)  = 0.10 exp(-t/5.6 ps) -0.21. 
(b) MeOD, A, = 588 nm and Aprok = 600 nm: U(r) = 0.07 exp(t/6.4 
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The bleachingis fully developed within the time resolution of the apparatus. 
This result argues for the protonationof bothcarbonylgroups of hypericin 
in the ground state. Struve and co-w~rkers~~ have also observed a finite 
rise time for the ground-state bleaching of stentorin. 
hypericin, no measurable rise time is observed in the bleaching 
of the ground-state absorption and no rapid (6-12 ps) decay 
component is observed in the excited-state absorption of meso- 
naphthobianthrone. 
Bearing in mind these above results and noting that protonation 
of the carbonyls of mesonaphthobianthrone cannot arise from 
any intramolecular source and that the fluorescence lifetime of 
j-._+. 
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7 - . - . . .- . . . __ . ___ .- - 
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Figure 10. Kinetics of stimulated emission in hypericin. Note in each 
case the component that appears instantaneously. Comapre these results 
also with the data for CHsCN (Figure 1 I f ) .  (a) MeOH, &, = 588 nm 
andAprok= 645nm: M ( t )  =0.17[exp(-t/6.7ps)- 11 -0.14exp(-t/l.9 
ps). (b) DMSO, &, = 588 nm and Aproh = 658 nm: M ( t )  = 0.30- 
[exp(-t/9.2 ps) - 11 - 0.13 exp(-t/l.9 ps). 
mesonaphthobianthrone is very short-lived, which is demonstrated 
by the absence of steady-state fluorescence in DMSO and the 
inability to observe any excited-state absorption even with - 1 -ps 
resoiution, the ground-state equilibrium is considered in terms of 
two parallel protonation equilibria. We propose that in the ground 
state the unprotonated, the singly-protonated, and the doubly- 
protonated species exist together in equilibrium. Upon optical 
excitation, a t  time zero, this same ground-state population is 
projected into the excited state in proportion to the relative 
extinction coefficients. We note that identical kinetic data are 
obtained using either excitation wavelengths of 294 or 588 nm. 
The short fluorescence lifetime of the unprotonated species 
prevents an excited-state equilibrium from being established with 
the singly- or doubly-protonated species. The argument against 
sequential ground-state protonation equilibria is that if, as we 
propose, the singly- and doubly-protonated species have lifetimes 
of 2 and 15 ns, respectively, then the 15-ns component would be 
expected to appear with an -2-11s rise time, which is not observed. 
The case for hypericin is similar, but not identical to, that of 
mesonaphthobianthrone. The fundamental difference is that the 
hydroxyl groups /3 to the carbonyls provide an intramolecular 
source of protons that is lacking in the deshydroxy analog. Also, 
the observation of a finite ground-state bleaching time that 
corresponds with the decay time of an excited-state absorption 
and stimulated emission suggests that the protonation equilibria 
of hypericin are sequential. A possible explanation for the 
hypericin photophysics is the following. In the ground state, 
three species (at least) may coexist in equilibrium: the untau- 
tomerized or “normal” form, N; the monotautomerized form, 
MT; and the ditautomerized form, DT. By analogy with 
mesonaphthobianthrone, DT corresponds to the species with the 
long (-6 ns) fluorescence lifetime. Because stimulated emission 
corresponding to a long-lived component does not appear 
instantaneously (within our resolution), we suggest that the 
population of DT in the ground state is negligible. On the other 
hand, the heterogeneity of the stimulated emission signal from 
hypericin in DMSO and CHsCN may be attributed to significant 
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Figure 11. Demonstration that the species absorbing at  long wavelengths is a solvated electron that is produced biphotonically. (a) Hypericin in (-) 
methanol and in (- - -) methanol that is 1.0 M in acetone. Acetone is known to be an electron scavenger.25 ha = 588 nm, APb = 750 nm. (b) Indole, 
which is known to produce electrons monophotoni~ully:'~*~~ top, indole in methanol; middle, indole in methanol that is 1 .O M in the electron scavenger, 
acetone; bottom, probe pulse at negative delay to provide a base line or control experiment. &, = 294 nm. (c) Plot of l o g ~ M ( t = O ) ~ ~  ",,, vs log I,, for 
hypericin in methanol. A, = 588 nm. Although the blackened circles can be fit to a slope of 0.9 0.3, the presence of stimulated emission in this 
spectral region renders interpretation of the slope ambiguous.I2 Note that at higher excitation of pump pulse energies the points deviate from the line 
of approximately unit slope. The open circles represent a regime where the pump is so intense that the photoelectron signal begins to saturate. (d) 
Plot of logAA(t=0)7w ",,, vs log IC, for hypericin in DMSO. LX = 588 nm. In this case, the blackened circles can be fit to a slope of 2.3 & 0.3. The 
difference in slope between this example and that of methanol is most likely due to the spectral shifts induced by the solvents. Compare for example 
Figures 2a and 8a of this article with the corresponding Figures of ref 12. (e) Hypericin in CH3CN, &, = 588 nm, Xpmb = 645 nm. ( f )  Hypericin 
in CHpCN, hx = 588 nm, Apr0b = 645 nm. Here, however, the pump intensity in reduced by a factor of 10 with respect to that for the experiment 
in panel (e). U(f) = 0.19[exp(-t/l1.2 ps) - exp(-t/m)] - 0.19 exp(-t/l.4 ps) + 0.025. 
ground-state population of both N and MT. By analogy with 
mesonaphthobianthrone in DMSO, the normal form of hypericin 
is expected to have a very short fluorescence lifetime, whose 
duration can be estimated from the stimulated emission signals 
as 1-2 ps. An interesting observation by Weiner and Mazur'O 
that is consistent with this description (especially those aspects 
dealing with ground-state heterogeneity and photoinduced depro- 
tonation of the hydroxyl group) is that hypericin in the absence 
of light yields an EPR signal that is enhanced upon illumination. 
They suggest that the EPR signal resembles that of a semiquinone 
radical. 
It is likely that N* undergoes a rapid one-proton transfer to 
produce MT* (Figure 12). In order to produce a significant 
amount of MT*, the one-proton reaction would need to occur in 
1-2 ps. (It is also possible that N* executes a double-proton 
transfer to form DT* directly.) In several systems excited-state 
proton transfer has been shown to occur on a time scale of hundreds 
of f e m t o ~ e c o n d s . ~ * * ~ ~ - ~ ~  Of particular relevance to the problem 
of hypericin are the 1 -(acylamino)anthraquinone~~~ and disub- 
stituted anthraquinones.'5 For example, Barbara and co-workers 
have shown that excited-state proton transfer occurs in I 1 0 0  fs 
in 1-(dichloroacety1amino)anthraquinone. 
We tentatively assign the 6-12-ps rise time in the stimulated 
emission signals to a one-proton-transfer reaction converting MT* 
to DT*. We thus attribute the excited-state species of cor- 
responding decay rime in the transient absorption measurements 
(ref 12 and Figure 9) to MT. There are three possible reasons 
why a 6-12-ps decay component is not observed in the stimulated 
emission data. The first is that in the ground state [N] > [MT]. 
The second is that, a t  the probe wavelengths we employ, the 
emission intensity of MT* is negligible compared to that of N* 
and DT*. The third is that if indeed the reaction N* - MT* 
occurs, the stimulated emission from MT* a t  the probe wavelength 
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Figure 12. Kinetic schemes for (a) mesonaphthobianthrone and (b) 
hypericin taking into account both ground- and excited-state species. 
The structures of mesonaphthobianthrone and hypericin are abbreviated; 
and only two of the six hydroxyl groups of hypericin are indicated in the 
figure. The schemes presented are the simplest that are consistent with 
the experimental data. Because of the irresolvably short excited-state 
lifetime of unprotonated mesonaphthobianthrone (a), an excited-state 
equilibrium is not expected to be established with either of its protonated 
forms. For the sake of completeness, we note that for the case of hypericin 
(b) it may be possible that N* undergoes a two-proton-transfer reaction 
that converts it directly to DT*. In part (b) of this figure as well as in 
Figure 1, the proton is shown to interact strongly with the carbonyl oxygen 
by means of a hydrogen bond. This interaction is reasonable given the 
rapidity of the excited-state process as well as the observation that 
hydrogen-bonding solvents do not interfere with the rate of the process37 
(methanol and DMSO give qualitatively similar results), as is observed 
for example in 3-hydroxyfla~one.~’ It must be borne in mind, however, 
that the proton-transfer reaction is a charge-transfer process and that the 
tautomer is likely to possess some ionic or charge separated character 
which is oversimplified by the figures presented here. In support of this 
ionic character is the observation that the time constant for the excited- 
state process decreases with increasing solvent polar it^.^' 
will be compensated for, a t  least partially, by the excited-state 
absorption of MT*. 
Song, Yamazaki, and co-workers36 have recently presented 
steady-state spectra and fluorescence lifetimes of hypericin under 
various conditions. They argue that the excited-state pKa of 
hypericin is larger than that of the ground state: 12.2 as opposed 
to 11.7 (Falk and c o - ~ o r k e r s ~ ~  have made similar arguments). 
They also propose, based on comparison of the fluorescence spectra 
of related compounds, that hypericin has no substantial intramo- 
lecular hydrogen bonding. Consequently, they suggest that if 
excited-state proton transfer is an important nonradiative process 
in hypericin, such a process is intermolecular and not intramo- 
lecular. These conclusions clearly differ from ours. First, it is 
unlikely that the pK, of the fluorescent species of hypericin can 
be measured since it is formed from a species that decays in 6-1 2 
ps. Determination of pK assumes that equilibrium can be 
established between the conjugate acid and base. Second, while 
comparisons with the spectra of analogs such as anthraquinones 
are instructive, they must take into account the nonaggregated 
species of. hypericin existing in both the ground and the excited 
states. Third, insofar as weare justified in using the fluorescence 
spectra of mesonaphthobianthrone and hexamethylhypericin in 
HzSO4 to attribute the long-lived fluorescence in hypericin to a 
species with protonated carbonyl groups, the presence of the 6-1 2- 
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ps rise time for long-lived fluorescence in both aprotic and protic 
solvents demonstrates that in hypericin proton transfer occurs in 
the excited state and intramolecularly. Fourth, and most 
importantly, our observation of stimulated emission that rises in 
6-1 2 ps into a long-lived species indicates that steady-state 
fluorescence and conventional photon counting measurements 
do not measure the primary photophysical events in hypericin. 
B. Potential Difficulties and Unresolved Questions. There are 
several questions that arise from the results presented and from 
the conclusions drawn from them. We summarise them here and 
try to respond to them. 
1. A possible objection to the assignment of the excited-state 
process in hypericin to a tautomerization reaction is the observation 
of a “mirror symmetry” relationship between the fluorescence 
spectrum and the visible absorption spectrum (Figure 2). We 
suggest that the observation of a mirror symmetry between the 
emission and the absorption spectra is consistent with the excited- 
state proton-transfer process if it is kept in mind that tautomerized 
hypericin, in the form of MT, already exists in the ground state. 
We argue that M T  is similar enough to DT structurally that 
absorption by M T  and fluorescence from DT* are what produce 
the mirror symmetry. 
2. The assignment of the excited-state process to intramolecular 
proton transfer may be criticized because we do not observe an 
isotope effect. There is precedent for proton-transfer processes 
that do not exhibit an isotope e f f e ~ t . ~ * , ~ ~  Whether an isotope 
effect is observed will also depend on such factors as the degree 
to which the reaction is nonadibatic and characterized by tunneling 
through a potential barrier3* or to which the reaction occurs by 
means of a barrierless (or small barrier) process in which the role 
of vibrational motions other than the 0-H stretch are important. 
The solvent dependence of the time constant for the excited-state 
process is also consistent with its assignment to proton transfer. 
The time constant for the reaction decreases with increasing 
solvent polarity, as measured by E ~ ( 3 0 ) ,  which is consistent for 
a process that involves, for example, the transfer of a charged 
particle, molecular rearrangement, or charge reorgani~ation.3*-~5 
3.  Construction of molecular models of hypericin and a recent 
X-ray structure4* indicate that the aromatic polycycle is twisted. 
One might argue that the excited-state transients observed reflect 
transitions from one form of conformational isomer to another. 
Because such a process involves a large-amplitude motion, it would 
be expected to be viscosity dependent. In solvents in which the 
viscosity changes by a factor of 60, we see, however, no more than 
a change of a factor of 2 in the time constant of the longer-lived 
excited-state transient (-6-12 ps). Furthermore, the rate of the 
excited-state process is completely uncorrelated to viscosity: the 
small variation in rate cited can be effected just as easily when 
the viscosity is increased by less than a factor of 2, Le., from 
methanol to a~etonitrile.~’ This excludes the assignment to a 
conformational transition. 
4. The kinetic scheme indicated is not the only one consistent 
with the data, but it is, we believe, the simplest. There are quite 
likely more species involved than the few we have depicted. This 
is certainly suggested by the complexity of the steady-state spectra 
presented. In particular, we must note that tautomeric forms of 
DT can exist with the proton being donated from the “upper 
right” and the “lower left” hydroxyl groups as well as by the 
“upper left” and “lower left” hydroxyl groups, as indicated in 
Figure 12. 
5. A problem for which at  present we do not have a completely 
satisfactory response is why we observe no emission from MT*. 
It may be that there is not a large enough population of the 
species to be detected in the midst of all the other transitions 
observed. This question requires further investigation. 
6 .  We have tentatively assigned the rapid decay of N* to 
formation of MT*. Other nonradiative pathways such as internal 
conversion are also a possibility as is demonstrated by the 
anthraquinones.34J5 We note, however, that both the triplet yield 
and the fluorescence quantum yield of hypericin have been 
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Figure 13. Ground- and excited-state energy surfaces of hypericin. See 
the Discussion. The values given are for methanol. The likelihood of a 
“cross-well” transition connecting DT* to MT depends on the coupling 
of the vibrational levels in the MT* and DT* wells. This kind of cross- 
well transition has been invoked by Barbara and co-workers in their work 
with  anthraquinone^.)^ Cross-well transitions have been investigated in 
detail by Somorjai and Hornig.& 
reported to be very high and that 4~ + 4 1 s ~  -1 .9Jo It thus seems 
unlikely that other nonradiative processes, besides proton transfer, 
play a significant role in the deactivation of N*. 
7. Spectroscopic studies of well-defined synthetically prepared 
hypericin tautomers will help to clarify the ground- and excited- 
state chemistry of hypericin. Falk and co-workers43 have reported 
the synthesis of a compound, which they identify, based solely 
upon N M R  measurements, as the salt of the hypericin tautomer 
(DT). This molecule was selected as a target for organic synthesis 
on the basis of semiempirical calculations (MND0).4144 
The molecule synthesized by Falk and co-workers has an 
absorption spectrum that is structured and very similar to that 
of the normal form of hypericin, except that it is slightly blue- 
shifted. Consequently, it bears a mirror image relationship to 
the fluorescence spectrum of hypericin. This observation is 
consistent with our argument in point 1 above that partially 
tautomerized hypericin exists in the ground state. It is also an 
indication that in the case of hypericin it is not reasonable to 
require the absence of mirror symmetry between the absorption 
spectrum of the normal species and the emission spectrum of its 
fluorescent tautomer. 
Falk and co-workers also indicate that upon prolonged heating 
their compound reforms the normal species but that irradiation 
(of an unspecified duration or intensity a t  an unspecified 
temperature) is insufficient to convert the normal form to the DT 
tautomer, or vice versa.47 They argue that the absence of 
interconvertibility in the presence of light precludes an excited- 
state proton-transfer mechanism. Although this conclusion is 
possible, it is certainly not unique because it assumes that the 
excited-state potential surface is the same as, or a t  least very 
similar to, that of the ground state and because it ignores the 
multidimensionality of these potential surfaces-that is, the energy 
must strictly speaking be considered in terms of a t  least 157 
normal coordinates (assuming the solvent coordinates may be 
neglected). 
Figure 13 is presented in order to respond to the conclusions 
of Falk and co-workers. It presents crude approximations of the 
ground- and excited-state surfaces for hypericin based upon our 
current knowledge of the system that is summarized largely in 
Figure 12. In the ground state M T  lies only slightly in energy 
above N and is separated from N by a modest barrier. On the 
other hand, because no long-lived fluorescence from hypericin 
appears instantaneously, DT lies much higher in energy than 
either MT or N and (based on the work of Falk and co-workers) 
is also separated from MT by a substantial barrier. The - 1- 
2-ps lifetime of N* leads us to consider a barrierless transition 
converting N* into MT*. Preliminary temperature-dependent 
Gai et al. 
measurements in ethylene glyc013~ indicate that there is a small 
barrier (- 1.5 kcal/mol) between MT* and DT*. Depending on 
the location of the minimum of the DT* potential well with respect 
to the barrier separating M T  and DT, initially prepared N* will 
mostly return to M T  and ultimately to N. 
Figure 13 is also capable of explaining the mirror symmetry 
in the hypericin absorption and emission spectra. The position 
of the potential well of DT* affords “cross-well” transitions (in 
both absorption and emission) between DT* and MT. A similar 
cross-well transition has been invoked by Barbara and co-workers 
to interpret the fluorescence spectra of 1 -(acylamino)anthraquino- 
nes.34 
Finally, it is an open question whether light absorption by the 
hypericin tautomer, DT, would access the same region of the 
excited-state potential surface that is probed by exciting the normal 
form of hypericin, N ,  and thus allow it to evolve on this surface. 
In other words, the fate of N* is determined by the curvature of 
the potential energy surface on which it finds itself upon optical 
excitation, and this in turn is determined by Franck-Condon 
factors. A priori, there is no reason to assume that the normal 
form of hypericin, N ,  will execute a trajectory in which it finishes 
as DT. The same is true for the hypericin tautomer, DT. 
8. All the results obtained in our laboratory-and 
elsewhere-support the existence of excited-state tautomerization 
in hypericin or a t  least are consistent with it. We have exploited 
every method currently available to us to verify that excited-state 
tautomerization occurs in hypericin. The strength of our argument 
rests on the absorption and emission spectra of the methylated 
and thedeshydroxy hypericins in aproticand protic solvents taken 
in conjunction with the transient spectroscopy of hypericin itself. 
It must be noted, however, that the only indisputable and direct 
proof for an excited-state proton-transfer reaction is the dem- 
onstration of the bleaching of the carbonyl stretching frequency 
as a function of time subsequent to laser excitation. Such 
measurements require a tunable infrared probe pulse coupled to 
a visible or ultraviolet pump pulse. Only recently has this type 
of measurement been performed on molecvles generally believed 
to execute excited-state proton transfer.24 
Conclusions 
The deshydroxy hypericin analog, mesonaphthobianthrone, and 
hexamethylhypericin have proved useful in elucidating the ground- 
and excited-state kinetics of hypericin. In aprotic solvents such 
as DMSO, mesonaphthobianthrone is nonfluorescent and exhibits 
no absorbance in the visible region of the spectrum. In a strong 
acid such as HzS04, however, the absorbance and fluorescence 
spectra of mesonaphthobianthrone closely resemble those of 
hypericin in aprotic solvents. Similarly, only in sulfuric acid do 
the absorption and emission spectra of hexamethylhypericin 
resemble those of hypericin. These results are most easily 
explained by requiring the fluorescent states of both mesonaph- 
thobianthrone and hypericin to bear protonated carbonyl groups. 
These results do not indicate what the protonation dynamics are 
in either the ground or the excited states. Nor do they explain 
why protonation of the carbonyls so drastically alters the optical 
spectra. 
The presence of two carbonyl groups in the analogs and in 
hypericin naturally leads to speculation concerning the extent of 
their protonation in the ground and excited states. Steady-state 
and time-resolved fluorescence measurements of mesonaphtho- 
bianthrone in H2S04/MeOH mixtures proved to be especially 
useful in investigating solute heterogeneity. The fluorescence 
spectra in mixed solvents are strongly dependent on the excitation 
wavelength. Also, in the solvent mixtures two lifetime compo- 
nents, -2 and - 15 ns, are observed. The shorter component is 
attributed to a singly-protonated carbonyl, and the longer 
component, to a doubly-protonated carbonyl. In mixed solvents, 
both states of protonation are proposed to exist in the ground 
state because no rise times are detected in the time-resolved 
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fluorescence. In pure HzS04 the doubly-protonated species is 
believed to be predominant because the fluorescence lifetime is 
15 ns across the emission spectrum. 
Evidence for both ground- and excited-state heterogeneity and 
for excited-state tautomerization in hypericin comes from 
transient absorption measurements-and, in particular, the 
kinetics of stimulated emission from the excited states of hypericin. 
The finite rise time observed for the appearance of the stimulated 
emission indicates that a fluorescent species is being created in 
the excited state. From the titrationsof mesonaphthobianthrone, 
we have inferred that the fluorescent species is protonated a t  the 
carbonyl groups. The origin of the slowly rising stimulated 
emission component (6-12 ps in the solvents considered here) is 
attributed to the species that produces a new transient absorption 
immediately upon excitation (Figure 8a) and which is detected 
either directly through the decay of its absorption or indirectly 
through the finite bleaching time of the ground state (Figure 9). 
We have suggested that the species producing this absorbance 
transient is a monotautomer of hypericin that already exists in 
theground state in equilibrium with the untautomerized or normal 
form of hypericin (Figure 12). We propose that the normal form 
of hypericin is revealed in the component of stimulated emission 
that appears instantaneously and decays in 1-2 ps (Figures 10 
and 1 lf). Such a rapid decay time of the hypericin species with 
unprotonated carbonyls is consistent with the absence of fluo- 
rescence in mesonaphthobianthrone in aprotic solvents (Figure 
3) .  Given the demonstrated heterogeneity of hypericin even in 
pure solvents (Figures 10 and 1 lf), the observation of single- 
exponential fluorescence decay (Table 1) is interpreted in terms 
of the existence of only one species that is long-lived enough to 
produce measurable excited-state emission (as detected either 
by steady-state or traditional photon-counting methods). This 
fluorescent species is attributed, as discussed above, to a doubly- 
tautomerized hypericin molecule. These conclusions have im- 
portant implications for the photoinduced biological activity of 
hypericin and hypericin-like molecules. 
The photophysics of hypericin are complicated, and much study 
is required before the role of light for its antiviral activity and 
photoreceptor roles is understood. Our results suggest that the 
primary photoprocess of hypericin is rapid, excited-state proton 
transfer. Because of the demonstrated antiviralz-5 and photo- 
phobic and phototactic6 roles played by hypericin and hypericin- 
like chromophores, elucidating their nonradiative pathways has 
enormous practical benefits. In addition, this work indicates that 
hypericin provides an interesting model system with which to 
study the fundamental aspects of excited-state proton-transfer 
reactions. The influence of the solvent on the rate of proton 
transfer will be discussed in detail elsewhere. 
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